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b. FINAL PROGRESS REPORT
A New Regulatory Protein Expressed in Hibernating Mammals
Matthew T. Andrews, P. 1.
Statement of the problem studied

Hibernating mammals provide a unique system for identifying molecules
important in regulating metabolism, body temperature and sleep. In a state of deep
hibernation, body temperature hovers a few degrees above 0°C, oxygen
consumption holds at 1/30 to 1/50 of the aroused condition and heart rate can be as
low as 3-10 beats/minute, compared to 200-300 beats/minute when the animal is
awake and active. We have begun to characterize the genes responsible for
regulating the physiological characteristics of hibernation in the thirteen-lined
ground squirrel, Spermophilus tridecemlineatus, and are using genomic strategies
to identify new genes that control the hibernating phenotype.

Among mammals, the process of hibernation is found in a limited number of
species that span a wide range of taxa. Hibernation is seen in certain species of
rodents, carnivores, insectivores, bats and even primates. Since the majority of
species within these groups do not hibernate, it has been proposed that hibernation
results from the differential expression of existing genes rather than the evolution
of new genes unique to the hibernating species. This hypothesis could explain why
certain species of ground squirrels hibernate, yet other closely related squirrel species
do not. If hibernation is controlled by the differential regulation of existing
mammalian genes, then identification of these genes could provide insight in to
how humans may adapt to similar environmental extremes.




Summary of the most important results

Genomic approaches to study hibernation. We have focused our efforts on the
regulatory aspects of hibernation by identifying genes that are differentially
expressed during the hibernating state. We have used a PCR-based gene
expression screen to isolate cDNAs of genes showing increased levels of
expression during hibernation in both the heart and hypothalamus of thirteen-
lined ground squirrels. This subtractive approach has yielded cDNAs for several
differentially regulated genes, some of which are described below. Soon we will
begin screening microarrays of summer active and hibernating animals to
identify and isolate additional differentially expressed sequences.

Genes we have identified. This project began in 1996 and has resulted in the
isolation of cDNAs coding for proteins of both known and unknown function.
The first year we identified a novel mammalian ATPase, CADp44, that we later
determined to be the sixth (and probably final) AAA domain-containing
regulatory subunit of the 26S proteasome. In 1997 we found that genes encoding
pancreatic triglyceride lipase (PL) and pyruvate dehydrogenase kinase isozyme 4
(PDK-4) are up-regulated in the heart when hibernation begins, and that steady-
state levels of both mRNAs remain high while metabolism and body
temperature are greatly depressed. Recently we have identified increased
expression of the protease inhibitor calpastatin both in heart and in skeletal
muscle. Induction of protease inhibitors, and/or down-regulation of muscle
proteases, could explain the greatly reduced muscle disuse atrophy normally seen
in animals that have been inactive for periods of several months.

Characterization of gene products. Functional genomics has permitted us to
construct and test model biochemical pathways specific to the hibernator (Figure
1). Involvement of PDK-4 and PL in the intermediary metabolism of the ground
squirrel heart contributes to the observed respiratory quotient (RQ) of 0.7 during
hibernation. RQ is a unit-less value representing the moles of CO, respired per
moles of O, consumed. A value of 1.0 indicates combustion of carbohydrate;
however, an RQ of 0.7 indicates that fat is the major substrate for energy
production.
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Fig. 1. Model showing the metabolic involvement of pyruvate dehydrogenase kinase isozyme 4 (PDK-
4) and pancreatic lipase in the heart of a hibernating thirteen-lined ground squirrel. Names of
metabolic pathways are shown in italics. Arrows with a single arrowhead indicate a single reaction.
Continuous arrows with two or more arrowheads indicate multi-step pathways. Abbreviations: ATP,
adenosine triphosphate; DHAP, dihydroxyacetone phosphate; ffa, free fatty acid; G-3-P, L-glycerol
3-phosphate; PDH, pyruvate dehydrogenase; TCA cycle, tricarboxylic acid cycle; TG, triglyceride.

e PDK-4. The fuel selection of fat over carbohydrate seen during hibernation also
happens in starvation, when conservation of glucose for utilization by the brain
is essential for survival and is controlled by the PDK-4-mediated
phosphorylation of pyruvate dehydrogenase. Since hibernating ground squirrels
can survive 5-6 months without feeding, mechanistic insight into the activation
of genes such as PDK-4 can provide a better understanding of how nutrient-gene
interactions influence an animal's capacity to cope with the effects of starvation.
We are currently investigating this mechanism by studying hormonal regulation
of PDK-4 in hibernating animals.

e PL. The gene for pancreatic lipase (PL) is up-regulated in the heart throughout
the hibernation season. cDNA sequencing indicates that PL from heart tissue
shares 85% amino acid identity with the unprocessed form of human pancreatic
lipase. PL is normally expressed exclusively in the pancreas, but when expressed
in the hibernating heart it liberates fatty acids from triglycerides at temperatures
as low as 0°C. This low-temperature lipolysis provides a steady supply of fuel for
the working heart during periods of near-freezing torpor. Recently we detected
expression of an unusual chimeric retroviral-PL. mRNA in white adipose tissue.
We are currently investigating the evolutionary and adaptive implications of




this novel expression of a low-temperature lipase in the main fat storage depot
during hibernation.

Low-temperature biocatalysis. The potentially wide functional temperature range
of ground squirrel enzymes during hibernation is attractive due to various
practical uses and versatility of handling. For example, purified heart PL could
be used to hydrolyze triglycerides at temperature ranges that normally cannot be
controlled (e.g. outdoor environments). Since greater than 90% of dietary fat is
in the form of triglycerides, PL has potential as a food additive to change
palatability and emulsifying characteristics of low cost natural fats to resemble
more desirable and less available fats at temperatures that prevent spoilage.
Another application would be as a component of household laundry detergents
to effectively remove grease and lipid-based food stains in cold water. Recently,
recombinant PL has been expressed in yeast and shows the same low-
temperature activity as that seen in extracts from ground squirrel hearts.

Post-genomic significance. Advances in the areas of organ preservation,
anesthesia and sleep disorders could potentially result from a better
understanding of the molecules that regulate mammalian hibernation.
Neuropeptides, analogous to sleep peptides, could be far more stable and possibly
more abundant in a hibernating animal due to the length of torpor. Other
examples may include endorphin-like peptides, similar to p-endorphins, that
lower body temperature and induce analgesia over the entire body. Unlike the
short-term effect of a B-endorphin (which disappears within a few hours),
corresponding peptides in hibernating animals could have extremely long half-
lives or be synthesized continuously. Considering the various physiological
extremes of the hibernating phenotype, uncovering the function of genes
involved in mammalian hibernation has the potential to greatly increase our
understanding of human responses to related stresses such as hypoxia,
hypothermia and starvation.
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